Abstract: It has been known for 20 years that the production of nitric oxide (NO) by the NO synthase (NOS) isozymes is important in the maintenance of airways tone. Over the past decade, however, it has become increasingly apparent that competition between the NOS and arginase pathways for L-arginine, limits NO production. Imbalances between these pathways have been implicated in the airways hyperresponsiveness (AHR) of asthma. Thus, a delicate balance between the NOS and arginase pathways is maintained through the intracellular synthesis of endogenous NOS and arginase inhibitors. More recently, the liberation of methylarginines has emerged as an additional modifier of L-arginine uptake and metabolism in the lung. In this review we discuss the reciprocal regulation of the NOS and arginase pathways and methylarginines and their roles in the airways hyperresponsiveness of asthma.
BACKGROUND
Nitric oxide (NO) is an important signaling molecule that promotes relaxation of airway smooth muscle in the respiratory system. Recent reviews have focused on the role of the arginase pathway in regulating NO production in the airways, through limitation of L-arginine bioavailability [1] [2] [3] [4] . In this mini-review, we briefly introduce the roles of the nitric oxide synthase (NOS) and arginase pathways in lung homeostasis and disease, and focus on new studies suggesting therapeutic potential for targeting L-arginine metabolism in asthma, and the roles of endogenously produced NOS inhibitors.
Nitric Oxide Synthase
Nitric oxide (NO) is a gaseous non-polar free radical that can diffuse freely across biological membranes [5] . These properties make it an effective signaling molecule, requiring no specific receptors or targeted degradation [6] . Although more stable than other biologically relevant free radicals, such as peroxynitrite and superoxide [7] , under physiological conditions NO reacts quickly with heme and thiol groups on biological macromolecules to regulate protein function and exert physiological effects, such as smooth muscle relaxation [8] . NO also reacts quickly with oxygen to form nitrite and nitrate as stable end products [7] . Thiol groups on biological small molecules can react with NO, producing S-nitrosothiols (SNO) [9] , such as S-nitrosoglutathione (GSNO), which is produced by the reaction of NO and glutathione and is actually present at higher concentrations than free NO in the normal airway, due to its increased stability [10] . GSNO and other SNOs act as a stable store of bioavailable NO [6, 11] . Since its discovery in the cardiovascular system, NO signaling has been found to be involved in many homeostatic and pathologic processes in the respiratory system [2] .
The constitutive nitric oxide synthase (NOS) isozymes, NOS1 and NOS3, produce picomolar amounts of NO when activated by increased intracellular calcium levels evoked by membrane depolarization or by contractile agonists (Fig. 1A ) [5] . NOS requires nicotinamide adenine dinucleotide phosphate (NADPH) and molecular oxygen as co-substrates and flavin-adenine dinucleotide, flavin mononucleotide, and tetrahydrobiopterin as cofactors [5, 12] . When NO is produced by the constitutive isozymes, the main action is signal transduction leading to smooth muscle relaxation [13] . The best characterized signal transduction pathway is initiated when NO diffuses from lung epithelial cells or nonadrenergic non-cholinergic neurons into adjacent smoothmuscle cells, coordinating with the heme group of guanylyl cyclase and activating it to produce cyclic guanosine monophosphate (cGMP) from guanosine triphosphate (Fig.  1A) [14] . The increased cGMP leads to smooth-muscle relaxation through the activation of cGMP-dependent protein kinase, reducing intracellular calcium levels and decreasing the sensitivity of the contractile elements to intracellular calcium [13] . NO also mediates relaxing effects that are independent of guanylyl cyclase [15] , through the formation of SNOs, as described above. Thus, the low levels of NO produced under homeostatic conditions promote the maintenance of the low-pressure pulmonary circulation and moderate bronchomotor tone [16] [17] [18] .
Under conditions of inflammation, NOS2 is induced in smooth muscle, fibroblasts, macrophages, neutrophils and mast cells in the lung (Fig. 1B) [19] [20] [21] [22] [23] . NOS2 is regulated at the transcriptional level by proinflammatory cytokines, i.e., tumour necrosis factor (TNF-), IFN-or IL-1 , and produces nanomolar levels of NO [13] . Calmodulin binds tightly to NOS2 at basal calcium levels (as described in detail by Spratt et al. in this issue), and persistently activates this isozyme [24] . Activation of NOS2 is sustained for hours to days after the protein is induced [6] . High levels of NO are effective in killing pathogens, and inhibiting tumour growth [12] . However, such cytotoxic levels of NO also have the potential to damage lung tissues (Fig. 2B) . Furthermore, under conditions of substrate limitation for NOS, uncoupling of the enzyme can occur, resulting in the generation of superoxide from the reductase domain [25] . NO can also react with superoxide free radicals to produce peroxynitrite, a powerful oxidant (Fig. 1B) [26] . This both disrupts the normal bioactivity of NO and results in the oxidation of biomolecules, including tyrosine residues in proteins, contributing to increased nitrosative stress in inflamed tissues [6] . Peroxynitrite can also directly evoke airways hyperresponsiveness and cause cellular damage leading to further potentiation of inflammation [27] . Thus, while low levels of NO produced by the NOS isozymes promote the maintenance of airway homeostasis, the dramatically increased levels of NO produced by NOS2 during inflammation can have damaging effects.
Arginase
The two arginase isozymes, arginase 1 and 2 are hydrolytic enzymes that metabolize L-arginine into Lornithine and urea [28] . Arginase 1 and 2 function as homotrimers, and require manganese as a cofactor [28, 29] . Although the arginase isozymes share 58% sequence homology/identity, they exhibit different organ-specific and intracellular expression patterns [29] . Arginase 1 is a cytoplasmic enzyme that is highly constitutively expressed in the liver and is inducible in other cell types, such as macrophages and epithelial cells [28, 30] . Arginase 2 is localized to the mitochondria and is expressed in many extrahepatic cell types [31] . Although arginase plays a vital role in cellular metabolism, through the production of urea for the urea cycle [32] , its role in the normal and pathological function of the respiratory system has recently become an area of intense research.
The Delicate Balance Between the NOS and Arginase Pathways
Reciprocal regulation of the NOS and arginase pathways can be demonstrated at many different levels. The primary mechanism by which arginase is currently believed to affect NOS activity is by reducing the bioavailability of L-arginine substrate, at both the tissue and intracellular level (i.e., in tissues and cells in which both isozyme families are expressed, described in the following section) [33] . Evidence for this comes from several studies showing that arginase inhibition or exogenous L-arginine administration decreases airways hyperresponsiveness [30, [34] [35] [36] [37] [38] . Furthermore, cationic amino acids, including L-ornithine, the product of arginase, can also compete with L-arginine for uptake via the CAT transporters [39, 40] , also leading to intracellular substrate depletion. Thus, in asthma L-arginine metabolism is likely skewed towards increased arginase activity, resulting in a deficiency in L-arginine bioavailability for the NOS isozymes (Fig. 1B) .
There are also several levels at which NOS activity is able to modify the activity of the arginase isozymes. Firstly, NO can postranslationally modify the arginase isozymes by S-nitrosylation, which leads to increased stability of the arginase trimer and hence increased activity [41] . NOS can also inhibit arginase activity through production of the reactive intermediate, N-hydroxy-L-arginine (NOHA), which is a competitive arginase inhibitor [42] . This tight reciprocal regulation of NOS and arginase activities suggest the essential nature of these two pathways in homeostasis.
NOS vs. Arginase in the lung: Localization and Functional Implications

Homeostasis
When L-arginine metabolism is balanced, as in (Fig. 2A) , sufficient substrate availability allows the constitutive NOS isozymes to produce low levels of NO, which contributes to homeostasis in the lung. Under homeostatic conditions, a wide variety of pulmonary cells express NOS and release NO, including vascular endothelial cells, airway epithelial cells and nerves (Fig. 1A) [23] . Specifically, the NOS1 isozyme is present in the airway epithelium and nonadrenergic non-cholinergic (NANC) neurons surrounding both airways and blood vessels (Fig. 1A) [21] [22] [23] 43] . Although inducible in many cell types, NOS2 is constitutively present in airway epithelial cells (Fig. 1A) [20, 21] . NOS3 is expressed in endothelial and epithelial cells (Fig. 1A) [44] . The low levels of NO produced under homeostatic conditions are important in the maintenance of proper bronchomotor tone, including regulation of blood flow, neurotransmission, and regulation of bronchomotor tone [6] .
Arginase also plays a role in the homeostasis of the pulmonary system. Arginase 2 is constitutively expressed in most extrahepatic cell types (Fig. 1A) [1] . The product of arginase, L-ornithine, is converted by ornithine aminotransferase into proline, one of the building blocks of collagen and other proteins [45] . Furthermore, L-ornithine is Fig. (2) . A) The nitric oxide synthase and arginase pathways share a common substrate, L-arginine, and participate in a delicate balance in lung homeostasis. B) NOS2 is upregulated by pro-inflammatory stimuli and can tilt the balance towards inflammation and cytotoxicity. C) Upregulation of arginase 1 and increased levels of the endogenous NOS inhibitor ADMA can independently or collaboratively tilt the balance and impair the synthesis of NO.
also converted by ornithine decarboxylase into polyamines, which are essential for cell growth and proliferation [46] . Thus, the metabolism of L-arginine via arginase plays an important role in normal cell growth as well as wound healing [47] .
Inflammation
Under Th2 type inflammatory conditions, arginase 1 is induced and can skew the balance of L-arginine metabolism away from NO production, as in (Fig. 2C) . Corraliza and Modolell first reported the induction of arginase 1 in murine macrophages by Th2 cytokines [48, 49] . Further studies revealed that arginase 1 is induced by IL-4 and IL-13 via a STAT6-dependent enhancer-mediated mechanism [50, 51] . Arginase 1 expression has been shown in human airway epithelial cells and smooth muscle cells in bronchoscopy samples from asthmatic subjects (Fig. 1B) [52, 53] . Thus, arginase and NOS1 may be in competition for intracellular L-arginine pools within the same cells, and under conditions of inflammation this competition may be exacerbated. Additionally, infiltrating inflammatory cells have been shown to express high levels of both NOS2 and arginase 1 (Fig. 1B) [30, 48, 49] . The presence of increased inflammatory cells may therefore also be involved in further decreasing the extracellular L-arginine bioavailability for transport into smooth muscle cells and epithelia, and increasing levels of peroxynitrite. In addition, arginase has recently been shown to be involved in airways remodeling in a guinea pig sensitization and challenge model of asthma [54] . Thus, arginase has been implicated in the pathophysiology of asthma and inhibition of this pathway has been suggested as a potential novel therapeutic target.
Subcellular Localization
As NOS and arginase can be expressed within the same cell types, subcellular localization of the enzymes also merits consideration. NOS1 contains a PDZ domain that participates in the formation of active dimers and interactions with other proteins [55] . NOS1 has been localized to the cytosol, neuronal synapses and the plasma membrane [56] . In contrast, NOS2 has a relatively wideranging distribution in various cell types, including the cytosol, perinuclear space, plasma membrane and mitochondria [57] [58] [59] . NOS3 has been demonstrated at the plasma membrane, where it exhibits complex interactions with caveolin and CAT1 [55, [60] [61] [62] . Similar to NOS2, NOS3 has also been reported to be present in mitochondria [59] . Meanwhile, arginase 1 is localized primarily in the cytosol, while arginase 2 is confined to the mitochondria [63] . Thus, there is potential for competing subcellular colocalization between these isozyme families to contribute to their respective enzyme activities. Both arginase 1 and 2 have been implicated in regulating NOS1 activity through the depletion of intracellular L-arginine [64, 65] . In cultured endothelial cells arginase 2 has been demonstrated to regulate the activity of NOS3, and this regulation has been shown to take place within non-freely exchangeable Larginine pools [66, 67] . Furthermore, over expression of arginase 1 has been demonstrated to result in impaired NO production by NOS1 in cultured 293 embryonic kidney cells stably transfected with NOS1 [65] . In a recent paper, Ckless et al. investigated the colocalization of ARG1 with NOS isozymes in C10 murine alveolar type II epithelial cells [68] . Through immunoprecipitation it was demonstrated that ARG1 colocalized with NOS3, but not NOS1 or NOS2 in Fig. (3) . L-arginine is incorporated into protein, through the action of aminoacyl tRNA synthetase (aaRS) and the ribosome (R). L-arginine residues in proteins can be methylated by protein arginine methyltransferases (PRMT). Upon breakdown of these proteins, often via proteasomal degradation, the endogenous NOS inhibitors, monomethylarginine (MMA) and asymmetric dimethylarginine (ADMA) are released. Symmetric dimethylarginine (SDMA) is also produced, and can inhibit L-arginine uptake into the cell through the CAT transporters this cell type [68] . While further exploration of the colocalization of NOS and ARG isozymes in different cell types in the lung is warranted, these studies suggest the possibility for competition for non-freely exchangeable Larginine pools to occur.
Endogenous NOS Inhibition and L-Arginine Metabolism
Accumulating evidence suggests that, in addition to the upregulation of arginase in asthma, endogenous NOS inhibitors may also play a role in the dysregulation of Larginine metabolism. L-Arginine is metabolized by aminoacyl tRNA synthetase (aaRS) into arginine-tRNA, which is then incorporated into protein (Fig. 3) . Methyl groups are then added to L-arginine residues in proteins by a family of enzymes called protein arginine methyltransferases (PRMTs) [69] . Protein arginine methylation represents an important post-translational modification that may play a role in protein conformation, activity, signal transduction, and protein translocation [69] . Proteolytic hydrolysis of proteins containing these methylated arginine residues results in the liberation of N G -monomethyl-L-arginine (L-NMMA), asymmetric dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA) (Fig. 3) [70] . ADMA and L-NMMA are known to be endogenous inhibitors of NOS that can also promote uncoupling of the enzyme [71, 72] . Additionally, SDMA competes with L-arginine transport through the CAT transporters and therefore may reduce Larginine bioavailability [73] [74] [75] . While L-NMMA and ADMA are degraded to L-citrulline and methylamines by dimethylarginine dimethylaminohydrolases (DDAH1 and DDAH2) (Fig. 3) [70] , SDMA is eliminated through renal excretion [76] . Examination of PRMT expression and DDAH activity have recently revealed the lung as a major source of ADMA [75] . Thus, endogenous NOS inhibitors likely participate in the regulation of the delicate balance of L-arginine metabolism in the airways and systemically.
Endogenous ADMA production has recently been shown to be upregulated in a murine model of allergic airways inflammation [77] . Ahmad et al. demonstrated increased expression of PRMT2 and increased ADMA in the lungs of allergically inflamed mice [77] . Additionally, exogenous administration of ADMA to lung epithelial cells in vitro has been demonstrated to lead to uncoupling of NOS, resulting in the formation of superoxide [72] . Furthermore, chronic (2-week) exogenous administration of ADMA to mice resulted in increased arginase activity, collagen deposition and increased airways responsiveness to methacholine [78] . Further studies from the same group have recently shown that infusion concurrent with an ovalbumin sensitization and challenge regimen potentiates allergic inflammation [79] . This further suggests that ADMA likely takes part in the reciprocal regulation of NOS and arginase (Fig. 2C) . Thus, the balance between NOS activity, arginase activity and accumulation of endogenous inhibitors of these respective enzymes may be important to understand the underlying pathologic mechanisms of asthma.
Other L-Arginine Related Pathways
The metabolic versatility of L-arginine is evident in the multiple pathways that diverge from this single semiessential amino acid. In addition to the NOS, arginase and aaRS pathways, L-arginine can also be metabolized via arginine decarboxylase and arginine:glycine amidinotransferase into agmatine and creatine, respectively [63] . The conversion of L-arginine into agmatine is the most recently demonstrated pathway of L-arginine metabolism in mammals, and its significance in health and disease remains largely unknown [80] . In addition to a direct agonist effect on imidazoline receptors, agmatine also represents an alternative pathway for the synthesis of polyamines, as it is converted into putrescine and urea by agmatinase, a member of the arginase superfamily [81] . Interestingly, agmatine is also capable of inducing antizyme, and thus paradoxically reduces cellular polyamine content and proliferation through inhibition of ornithine decarboxylase [82] . Agmatine has been proposed to be involved in the transition between inflammatory NOS2 expression and the onset of the arginase-mediated repair phase [80] , however the role of this L-arginine metabolite in asthma remains unknown, and future studies are needed to understand its contribution the delicate balance of L-arginine metabolism.
CONCLUSIONS
In summary, there is a delicate balance between the metabolism of L-arginine by the NOS and arginase pathways. As NO is important for the maintenance of bronchomotor tone in the airways, dysregulation of Larginine metabolism leading to substrate deficiency or inhibition of NOS can promote bronchoconstriction in airways disease. Recent studies have implicated increased concentrations of the endogenous NOS inhibitor, ADMA, in the pathogenesis of asthma. Further studies are necessary to fully understand the role of ADMA and other L-arginine metabolites in diseases of the airways.
